In order to define the intensity of immunosuppression, we examined risk factors for acute rejection in desensitization protocols that use baseline donor specific antibody levels measured as mean fluorescence intensity (MFImax). The study included 146 patients transplanted with a negative flow crossmatch and a mean follow-up of 18 months with the majority (83%) followed for at least 1 year. At the time of transplant, mean calculated panel reactive antibody and MFImax ranged from 10.3% to 57.2%, and 262 to 1691, respectively, between low and high-risk protocols. Mean MFImax increased significantly from transplant to one-week and one-year. The incidence of acute rejection (mean 1.65 months) as a combination of clinical and subclinical rejection was 32% including 14% cellular, 12% antibody-mediated and 6% mixed rejection. In regression analyses, only C4d staining in post-reperfusion biopsies (hazard ratio 3.3, confidence interval 1.71 to 6.45) and increased donor specific antibodies at 1 week post-transplant were significant predictors of rejection. A rise in MFImax by 500 was associated with a 2.8-fold risk of rejection. Thus, C4d staining in post-reperfusion biopsies and an early rise in donor specific antibodies after transplantation are risk factors for rejection in moderately sensitized patients.
Introduction
More than a third of patients on the active kidney transplant waitlist are sensitized, which means that they have a panel reactive antibodies (PRA) ≥ 10%. Nearly 8,000 of these patients are highly sensitized with a PRA ≥ 80%. While many die before receiving a Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research, subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms transplant, some undergo successful desensitization followed by kidney transplantation. Current preconditioning protocols combine anti-CD20 monoclonal antibody to deplete B cells, Bortezomib to eliminate plasma cells, and plasma exchange and IVIG to block or remove preformed donor specific antibodies (DSA) [1] [2] [3] [4] [5] [6] [7] . Despite some success, desensitization protocols are limited by high acute rejection rates and suboptimal long-term outcomes 4, 8 . It is therefore important to determine novel rejection risk factors that could improve both short and long-term graft survival. Among these, the role of C4d staining in post-reperfusion biopsies and DSA monitoring in the early posttransplant period has yet to be defined. More specifically, it is unclear whether focally positive C4d staining in postreperfusion biopsies is associated with poor graft outcomes. Similarly, the clinical relevance of an early rise in posttransplant DSA in moderately sensitized patients [flow crossmatch negative and DSA (+)] has to be determined 9, 10 .
We have defined preconditioning protocols that use pretransplant DSA measured by single antigen bead Luminex assay as mean fluorescence intensity (MFI max ) to characterize the intensity of immunosuppression 11 . These protocols are based on earlier observations that pretransplant anti-HLA antibodies ≥ 100 MFI carried a significant risk for antibodymediated rejection (AMR) in both low and high-risk patients 12, 13 . The implementation of Luminex-based desensitization strategies in a pilot study of 48 patients, with peak PRA and DSA at 51±7% and 960±136 MFI max , was associated with acceptable clinical AMR and acute cellular rejection (ACR) rates (25% and 23% respectively) 11 . There were no graft losses or patient deaths at one year, and serum creatinine levels were comparable to nonsensitized patients transplanted in the same period 11 . We now report data on both traditional and novel risk factors associated with acute rejection in the first consecutive 146 patients undergoing desensitization. We examined the role of variables including age, gender, race, retransplant status, PRA, donor type, baseline DSA, the desensitization protocol, C4d staining in post-reperfusion biopsies and a change in DSA by one week post-transplant.
Results

Baseline characteristics and immunological profiles (Tables 1, 2)
All 146 patients that underwent desensitization and kidney transplantation between January 1 st 2009 and March 16 th 2011 were included in this study. There were 56, 13, 7, 21 and 49 patients in protocols D1 to D5 respectively. Mean age was 47±1 years and the majority were male (57.5%) and Caucasian (79%). Per design, all patients in protocols D1-3 received live donor transplants compared to deceased donor transplants in protocols D4 and D5. As anticipated, initial DSA values were significantly greater in protocol D3 (1862±460 MFI max ) compared to protocols D2 (973±175 MFI max ) and D1 (287±19 MFI max ) (p<0.05). Desensitization was effective in reducing mean MFI max levels in protocols D1-3 from enrollment (550±65) to the time of transplant (384±45, p=0.003). Not surprisingly, patients in protocol D5 had the highest mean PRA and DSA at transplant (57.2%±5.7, p<0.001 and 1691±144, p<0.001 compared to all).
Acute Rejection and kidney function at one year (Table 3) We next examined the one-year incidence of rejection, overall, and in each protocol. One hundred and twenty one patients (83% of all) were followed for at least one year at the time of these analyses. Mean follow-up time was 18±6.7 months. Mean time to acute rejection was 1.65±0.46 months. There was no graft loss or patient death during the study period. The overall incidence of acute rejection (clinical and subclinical) was 32% including 14% cellular, 12% antibody-mediated and 6% mixed rejection (Table 3) . Of these, 14% were subclinical and were diagnosed by protocol biopsies. There was no difference in the incidence of rejection among protocols. At 12 months, mean eGFR and serum creatinine levels were 55±1.7 ml/min/1.73m 2 and 1.5±0.1 mg/dL respectively. There was no significant difference in kidney function among the 5 groups.
DSA and acute rejection (Tables 4-7, Figure 1)
To determine the effects of transplantation on DSA, we first examined the changes in DSA over time. We evaluated MFI max and MFI sum per class, and for both class I and II, at the time of transplant, 1 week, 1 month, 3 months and 12 months. Table 4 and Figure 1 show that DSA increased after transplantation despite immunosuppression and desensitization strategies. Class II antibodies were the primary cause of this rise in DSA. Next, we discovered that the association between the rise in DSA and acute rejection was stronger at 1 week than at 1 month, 3 months and 12 months (Tables 5). We confirmed these findings by examining the predictive value of delta DSA at 1 week for any episode of acute rejection (Table 6 ). We noted that patients with delta MFI values higher than 500, 1,000 and 3,000 MFI, had a 1.9 to 10.8 times greater risk of subsequent rejection, regardless of class or type of DSA (Max or Sum). Notably, there was a linear relationship between MFI max and MFI sum at 1 week (MFI max = −84.95 + 0.37 MFI sum , R 2 =0.82, p < 0.001). Mean time to acute rejection in patients with a 1 week rise in MFI max > 500 and MFI sum > 500 was 1.45±0.4 and 1.60±0.4 months after transplant, respectively, suggesting a true predictive ability. Multivariate cox regression analyses confirmed the strong association of delta DSA at 1 week with acute rejection (Table 7) . Separate multivariate regression analyses demonstrated a similar association between antibody-mediated rejection and delta DSA at 1 week (HR=3.7, 95% CI 1.69 to 8.10, p=0.002 for MFI max > 500), African American race (HR=13, 95% CI 3.9 to 42.9, p < 0.0001) and C4d staining in post-reperfusion biopsies (HR=7, 95% CI 3.0 to 16.6, p < 0.0001). Out of all these variables, only 1 week MFI max > 500 was associated with acute cellular rejection (HR=2.90, 95% CI 1.07 to 7.70, p=0.03), suggesting a cross talk between cellular and humoral immune response.
Post-reperfusion C4d and acute rejection (Tables 7-8, Figures 2-3)
We next examined the association between traditional and novel risk factors and acute rejection. Univariate analyses demonstrated that any C4d staining in post-reperfusion biopsies, a rise in DSA (MFIsum or Max) at one week > 500, African American race, young age and thymoglobulin induction were significantly associated with a greater risk of rejection (Table 7) . Other covariates including PRA, retransplant status, live donor status, male gender, DSA at transplant and the desensitization protocol were not independently associated with rejection. Multivariate analyses including the 6 significant variables retained only C4d staining, a rise in MFI sum > 500 at 1 week and African American race as independent risk factors associated with acute rejection.
We next examined more closely the relationship between C4d staining in post-reperfusion biopsies and subsequent rejection. One hundred and seven patients (73.3%) underwent a post-reperfusion biopsy ( Figure 2 ). Of these, 28 (26.1%) had positive C4d staining, which was focal in the majority of cases (85.7%). Five patients (17.8%) had Glomerulitis (Table  8) . Forty-three (40%) samples were assessed on paraffin sections, which is known to give a weaker C4d signal compared to frozen sections. Post-reperfusion C4d staining was not significantly different among desensitization protocols. However, the incidence of subsequent acute rejection (50% vs. 26.5%, p=0.03) was greater in patients with positive C4 staining (Table 8) . Specifically, these patients had a 6.8 times greater risk of earlier antibody-mediated or mixed rejection (95% CI 2.22 to 20.70, p<0.0001, Figure 3 ). Furthermore, C4d staining was associated with higher serum creatinine levels at one year (1.7±0.2 vs. 1.4±0.04 mg/dL, p=0.02, eGFR 49±4.1 vs. 56±1.9 ml/min/1.73m 2 , p=0.1).
To determine the role of cold ischemia on C4d staining, we performed 2 sets of studies. First, we examined C4d staining in a control group of 21 consecutive pre-implantation biopsies from deceased donors. Mean (±SD) cold ischemia time (CIT) for these kidneys was similar to sensitized deceased donor recipients in protocols D4 and D5 (13.7±5.6 vs. 14.3±5.6 hours, p=0.8). However, no pre-implantation biopsy stained positive for C4d compared to 22% in post-reperfusion biopsies from sensitized groups (p=0.009, Figure 2 ). Next, we compared C4d staining in live vs. deceased donor kidneys and did not find a significant difference (14% vs. 22%, p=0.14), suggesting that CIT is not directly involved in the pathogenesis of C4d deposition.
We then evaluated the association between DSA (MFImax and Sum per class and total) at the time of transplant and C4d staining in post-reperfusion biopsies. Multivariate stepwise logistic regression analyses retained only class II MFI sum as a significant predictor of C4d staining. Specifically, the Odds Ratio for positive C4d was 1.0004, 95% CI 1.000 to 1.0007, p=0.02 when MFI sum was considered as a continuous variable and 6.2, 95% CI 1.54 to 24.80, p=0.01 when MFI sum > 3,000, favoring an immunological explanation for the deposition of C4d in post-reperfusion biopsies.
Discussion
We examined the risk factors for rejection in 146 sensitized patients who underwent preconditioning based on DSA levels. All patients had a negative flow cytometry crossmatch. The overall incidence of clinical and subclinical rejection was 18% and 14% respectively, similar or more favorable than previously published data 4, 14-16 . The pathology was consistent with acute cellular, antibody mediated and mixed rejection in 14%, 12% and 6% of cases respectively. Rejection episodes occurred within a mean time of 1.65±0.46 months post-transplant. The evaluation of traditional and nontraditional covariates demonstrated that African American race, an increase in DSA by the first week post transplant and C4d staining (focal or diffuse) in the post-reperfusion biopsy were the most important predictors of rejection. The association was the strongest with antibody-mediated rejection. These observations suggest that the treatment of these risk factors may prevent the incidence of rejection in sensitized patients.
Recent evidence suggests that both pre-transplant and de novo DSA are associated with poor allograft outcomes 13, [16] [17] [18] . Based on previous observations 13 , we have defined preconditioning protocols that use DSA levels to characterize the intensity of immunosuppression 11 . For example, mildly sensitized patients (MFI max between 100-500) only receive one week of tacrolimus and mycophenolic acid pre-transplant. While this cannot be considered as a "desensitization strategy" per se, the approach falls outside the standard-of-care and we have noticed a decline in rejection rates since the implementation of these protocols. Plasmapheresis and IVIG therapy are reserved for individuals with a DSA > 500 MFI max (live donors) or 1,000 MFI max (deceased donors). Univariate analyses confirmed some of the traditional risk factors including African-American race and younger age. The use of thymoglobulin was also associated with a greater risk of rejection, most likely because these patients were among the highest risk groups (deceased donor recipients) and did not have time for pretransplant plasmapheresis. More importantly, we analyzed and reported MFI max and sum, per class and total, and noted that all DSA increased after transplantation despite immunosuppression and desensitization. However, the rise was more pronounced for class II antibodies. We also observed that the association between the rise in DSA and acute rejection was stronger at 1 week than at 1 month, 3 months and 12 months. Last, we found that MFI max and MFI sum were linearly associated and both predicted acute rejection, suggesting that either one may be followed in the early post-transplant period. These observations are in agreement with recent data on the role of DSA in predicting acute rejection 9, 10, [16] [17] [18] , and add new insights regarding the clinical value of early posttransplant DSA monitoring.
C4d is a split-product of the complement, covalently bound and stable. C4d staining usually indicates the activation of the complement cascade after the recognition of HLA antigens by the recipient's anti-HLA antibodies. The presence of positive C4d staining in peritubular capillaries is therefore used as a surrogate marker of DSA participating in the process of rejection. The current definition of antibody-mediated rejection is based on the presence of circulating DSA, C4d staining and allograft pathology (ATN, capillary and/or glomerular inflammation, arterial injury) 19 . In the absence of renal pathology the term antibodymediated changes may be used 19 . In our study, 5 out of 28 cases had isolated glomerular inflammation and none had capillaritis. These suggest that antibody-mediated changes in post-reperfusion biopsies are early indicators of subsequent rejection in sensitized patients. Whether this is the beginning of a continuous rejection process or simply a biomarker is unknown. However, it is unlikely that C4d staining is a result of ischemia reperfusion injury since both live and deceased donor kidneys displayed comparable patterns of staining and pre-implantation biopsies with similar cold ischemia times were C4d negative.
In agreement with these findings, a study by Haas et al demonstrated that C4d staining in perioperative biopsies was not observed as a feature of ischemic or ischemia-reperfusion injury including in cadaveric grafts with cold ischemia times of as long as 41 hours 20 . Similar to our findings, the investigators observed that 2 of 82 (2.4%) perioperative biopsies showed C4d staining in peritubular capillaries. In both cases, allografts underwent subsequent antibody-mediated rejection on days 5 and 34 20 . The authors concluded that C4d staining in peritubular capillaries might be seen as early as one hour after transplantation in some recipients with low levels of DSA 20 . In a more recent study, 14 patients with antibody-mediated rejection had negative C4d staining in post-reperfusion biopsies 21 . It is likely that these patients were not as sensitized as those in our or the Haas study. It is also possible that they developed de novo DSA, or that the C4d staining protocol was not the same. In fact, in our study, 21 patients with a negative initial C4d staining had a subsequent episode of rejection, suggesting that the studies are not contradictory but rather complementary.
Our study has several limitations including the sample size and the non-uniform use of frozen sections for C4d staining on post-reperfusion biopsies. Furthermore, we had no access to post-reperfusion biopsies in patients without pre-transplant DSA. Similarly, pending the normalization and validation of Luminex assays across transplant centers, it is difficult to compare a MFI of < 1000 between institutions. In fact, the FDA recognizes the Luminex assay only as a qualitative assay and not a quantitative test 22 . At our center, the evaluation of 66 positive T and B cell flow crossmatch (FXM) results as part of the optimization of our assays showed that a mean channel shift of 204 by FXM corresponded to a mean DSA of 1524 MFI max . While these numbers are clinically relevant at our center, they may not be the same at other institutions. Similarly, we have developed our protocols based on immunodominant DSA (MFI max ). However, there is no evidence that lower levels of DSA or non-HLA DSA are not clinically relevant. Last it is important to note intra-assay variability of Luminex readings, even if the significant changes that we observed in one week DSA were beyond this variability. Additionally, run-to-run variability of the assay may be >1,000 MFI. Repeated testing of the same serum on different days is not the same as testing 2 sera from the same individual on differing days. In sum, while we recognize the limitations of MFI values and the biological relevance of DSA monitoring, we believe that significant changes in DSA levels may have a role in the follow-up of sensitized kidney transplant recipients.
In conclusion, post-reperfusion C4d staining and increased DSA at one week are novel risk factors for rejection in sensitized patients, suggesting a clinical role for posttransplant DSA monitoring. Further studies are needed to determine if immunosuppressive strategies addressing these conditions can prevent rejection in sensitized patients.
Methods
Patients and desensitization protocols
The details of Luminex-based desensitization protocols at our Institution were reported earlier 11 . Briefly, these protocols that were implemented on January 1 st 2009 use the immunodominant DSA mean fluorescence intensity (MFI max ) measured by single antigen bead (SAB) Luminex assay (One Lambda) to stratify kidney transplant recipients in 5 desensitization protocols (D1 to D5) as outlined in Table 1 . In this manuscript we report the outcomes of the first 146 consecutive patients, all of whom had a negative flow cytometry crossmatch at the time of transplant. The UW Institutional Review Board and Human Subjects Committee approved our study number M2010-1296. The desensitization protocols used are as follows. Protocol D1 is defined as low intensity while protocols D2-5 are defined as high intensity since they involve plasmapheresis (in all) and Thymoglobin induction (D4 and D5).
Protocol D1 (MFI max 100-500)
Live donor kidney transplant recipients receive tacrolimus, 2mg twice daily, and mycophenolate sodium, 720 mg twice daily (Myfortic® Novartis, East Hanover, NJ) for 1 week prior to transplant. Induction therapy is basiliximab (Simulect, Novartis, East Hanover, NJ), 20 mg on day 0 and day 4).
Protocol D2 (MFI max 501-1000)
Live donor kidney transplant recipients receive tacrolimus, 2mg twice daily, starting 1 week pre-transplant, plasma exchange and intravenous Immunoglobulin (IVIG, Gammagard SD, Baxter Healthcare), 100 mg/kg (PE/IVIG), and mycophenolate mofetil (Cellcept, Roche), 1 gram IV after PE/IVIG on pre-transplant days 3 and 1. Induction is with basiliximab. PE/ IVIG treatments are repeated on postoperative days 1 and 3.
Protocol D3 (MFI max 1001-3000)
Live donor kidney transplant recipients receive 2 additional sessions of PE/ IVIG on pretransplant days 7 and 5.
Protocol D4 (MFI max 501-1000)
Deceased donor kidney transplant recipients receive induction with rabbit antithymocyte globulin (rATG; Thymoglobulin, Genzyme, Cambridge, MA) 5-7 mg/kg. Deceased donors with MFI 100-500 are not part of desensitization protocols and are treated with standard immunosuppression including basiliximab induction and triple therapy with tacrolimus, MPA and steroids.
Protocol D5 (MFI max 1001-3000)
Deceased donor kidney transplant recipients receive one treatment of PE/IVIG pretransplant and induction with thymoglobulin 5-7 mg/kg. PE/IVIG treatments are continued on postoperative days 1 and 3.
All patients receive steroid induction with dexamethasone 100 mg IV intraoperatively, 50 mg IV on postoperative day 1 and steroids are tapered to prednisone 30 mg daily at time of discharge. Intravenous mycophenolate mofetil, 1 g BID, is given for 48 hours, and then is converted to Myfortic 720 mg BID. All patients who receive plasma exchange (protocols D2, D3, D5) are also treated with IVIG 100 mg/kg weekly for 4 weeks beginning 1 week after they have completed their plasma exchange.
Maintenance Immunosuppression and viral prophylaxis
Maintenance immunosuppression consists of a three-drug regimen of prednisone, tacrolimus and mycophenolate sodium. No corticosteroid withdrawal, avoidance or minimization is pursued in these patients. Prednisone dose at 1-month post transplant is 5 to 10 mg per day.
Tacrolimus target level is 8-11 ng/mL at discharge. Patients received 3 months of treatment with acyclovir if donor/recipient CMV combination was −/− and 3 months of treatment with valganciclovir if either donor or recipient had positive CMV serology.
Single antigen bead (SAB) Luminex assay
The immunodominant DSA (MFI max ) was determined using the Luminex assay as described previously 11, 13 . Briefly, we analyzed HLA antibodies by LabScreen ® Single Antigen Class I and II bead kits from One Lambda, Inc (OLI, Canoga Park, CA, USA). The resultant Luminex output files were analyzed with HLA Visual ® analysis software (OLI). Normalized MFI of beads representing antigens mismatched to donor antigens including HLA A, B, DRB, DQA1, DQB1 and DPB1 were identified and recorded. High definition allele testing was performed on the donor to confirm allele specificity. MFI max was defined as the highest MFI value for either classes I or II. MFI sum was the sum of relevant DSA per class and was determined for class I, class II and both class I and II antibodies. Day to day variability of bead MFI values was assessed using 100 independent determinations of antibody MFI values using same antibody-positive serum sample. For beads with an average MFI = 478, the standard deviation (SE) was 87.8 (8.8) and CV was 18.4. For beads with an average MFI= 1,249, the standard deviation (SE) was 231 (23.1) and CV was 18.5.
Diagnosis of Rejection
Protocol biopsies were performed at baseline, 30 minutes after reperfusion, at months 1 and 12. In addition, indication biopsies were performed when clinically indicated. Fresh core kidney biopsies were fixed in 10% neutral buffered formalin for at least 6 hours for paraffin embedding. Two to three microns in thickness sections were obtained and four serial sections per biopsy were stained with hematoxylin-eosin, Masson's Trichrome, periodic acid-Schiff (PAS), and argyrophilic impregnations (PAMM). Biopsies were interpreted for adequacy and rejection scores according to the Banff 97 criteria updated in 2010 19 . Immunolabeling for the complement fraction C4d was performed on 4 acetone-fixed frozen sections and labeled with a 1:600 dilution of an anti-C4d monoclonal antibody (Biogenesis, Kingston, NH). On post-reperfusion biopsies C4d was performed on formalin fixed paraffinembedded tissue using anti-C4d rabbit polyclonal antibody. C4d results were interpreted as negative (<1%), minimally positive (1-10%) focally (10-50%) and diffusely positive (more than 50% of PTC labeled). Clinical acute antibody mediated rejection was diagnosed in patients that fulfilled the following criteria: allograft dysfunction, evidence of allograft injury (ATN, peritubular capillaritis and/or vascular fibrinoid necrosis), PTC diffusely positive for C4d, and evidence of circulating DSA. Clinical acute cellular rejection was diagnosed when the indication biopsy showed evidence of interstitial mononuclear inflammation along with tubulitis and/or endarteritis. Subclinical rejection was defined when the above pathological findings were present in a protocol biopsy. To control for the potential role of ischemia on C4d staining, we included a control group of 21 consecutive deceased donor pre-implantation biopsies in our studies.
Statistical Analyses
We assessed baseline characteristics and outcomes between desensitization protocols among the first 146 patients transplanted since January 1 st 2009. Data are described as mean (±standard error). Continuous numerical data were compared using Student's t test or the one-way analysis of variance (ANOVA) when appropriate. Post-transplant changes in DSA were examined using a paired t-test. Categorical data were analyzed using Fisher's exact test or the chi-square test when appropriate. Kaplan-Meier survival analyses were used to compare rejection rates. Univariate and multivariable stepwise Cox regression analyses were performed to determine the risk factors associated with acute rejection. P values ≤ 0.05 were deemed statistically significant. 
